Abstract-A superconducting Magnetic Energy Storage (SMES) includes a high inductance coil that can act as a constant source of direct current. A SMES unit connected to a power system is able to absorb and store both active and reactive power from this system and to inject these powers into this system when they are needed. The injected power can be controlled by changing both the duty cycle of the dc-dc chopper switches and its operation modes. A SMES is always associated with a power conversion system consisting of two identical converters connected by a dc link capacitor. This paper presents an efficient system, based on a SMES unit, to improve transient stability by regulating the dc link voltage to reduce the voltage and frequency fluctuations that occur after disturbances or rapid load changes. The authors propose using a SMES as an interface device connected to the DC Link capacitor and located between the power supply and load sides to act as a universal stabilizer of voltage and frequency on both sides. The system behavior is tested with three faults/events for both power supply and load with and without applying the SMES unit. The results show that the SMES unit increases the dc link voltage stability significantly whenever any of these three events occur.
INTRODUCTION
Despite improvements in power generation and distribution systems, rapid growth in loads and the sensitivity of many power system devices have led to major stability problems. Disturbances and short outages in generators or transmission lines create various adverse effects. Specifically, Hsu [1] , highlighted that rapid variation in loads in power plants leads to voltage and frequency fluctuations that contribute to quality of service issues in modern power system.
Over recent decades, energy storage technologies have improved and provided significant economic and environmental benefits. The superconducting energy storage system (SMES), as an electrical storage technology, is applied in many electrical and electronic power applications for improving the stability and performance of power systems. Some of its attributes provide substantial advantages over on other storage technologies. Specifically, it has no movement parts in its conversion unit. Thus enhancing reliability and provides a very high storage efficiency (about 98%) [2] , and very rapid release of large amounts of stored energy. In addition, the number of charging and discharging cycles in SMES is unlimited [3] .
Because of these attributes a SMES unit with appropriate control of its power converters system can adjust the active and reactive power absorbed from or delivered to power systems. Therefore, applying. SMES with various control modes can solve some power stability problems, such as low-frequency oscillation and sub-synchronous resonance, to increase the transient stability of a power system and improve overall power system performance. [1] .
The SMES unit is presented in some previous studies as a storage system linked to power systems to increase their stabilities and qualities. By using better control strategies for the conversion system in SMES, should be enhance transient system stability. While most researchers have used a SMES at the power supply or load end to regulate generators or load voltage fluctuations, this paper proposes a using it as an interface device, connected to the DC Link and to located between the power and load sides to deal with all fluctuations in voltage and frequency on both sides. To demonstrate the SMES unit efficiency for improving the stability and quality of a power system, it is used to maintain the dc voltage across the dc link constant, thus decreasing voltage and frequency fluctuations on the load side. To achieve that, three types of system disturbances and power instability issues are considered in this paper. In the first case the system is disconnected from the utility network because of an external fault in the generators or transmission line. In the second, some power supply voltage and frequency fluctuations occur. In the final case, the system load changes rapidly. This paper is organized as follows: Section II illustrates the SMES system. Section III explains the operational modes of the SMES system. Section IV deals with applications of the SMES for increasing power system stability. Section V describes the proposed system for regulating the dc link voltage. Section VI shows the simulation results. Finally, section VII provides some overall conclusions.
II. DESCRIPTION OF SMES
A SMES is consists of two main parts, a bidirectional conversion system and a superconducting coil as illustrated in First, the conversion system has two power converters, which are used to change between alternative and direct current (ac/dc rectifier and dc/ac inverter).
The superconducting coil has extremely low resistance and, when the direct current passes through the superconducting coil, magnetic energy is created around it [4] . This coil has the ability to keep the magnetic energy with almost no losses for a long time [5] [6] . Furthermore, a refrigeration system is always associated with a SMES to keep the superconducting coil at an extremely low temperature.
A power conditioning system (PCS) which consists of a 3-phase voltage source converter (VSC) and a dc-dc chopper is required for transferring energy from the SMES coil into the network. According to Padimiti and Chowdhury [2] , the dc-dc chopper is mainly used to control current flow through the SMES coil and to transfer the power to the voltage source converter through a dc-link capacitor [2] . Along with a dc-dc chopper, the superconducting coil is linked to that converter through a dc-link capacitor. This capacitor operates as a brief dc voltage source for the VSC to inject active and reactive power into the grid. By suitable control of the power converter system of the SMES, the active and reactive power absorbed or delivered by the SMES unit can be regulated. Due to the ability to return the active and reactive power rapidly all the time, with various control modes, SMES unit can be used for controlling low-frequency oscillations [1] , sub-synchronous resonance [7] , levelling of fluctuating load power [8] and for improving the transient stability [9] of a power system. Fig. 2 shows a typical configuration of a SMES system. The SMES coil is linked to the power system through a three phase winding transformer and an ac/dc six-pulse bridge circuit converter. By controlling the firing angle ( α ) of the converter, the SMES can absorb or deliver the active and reactive power to the power system. The dc output voltage of the converter is expressed as: 
where sm I is the initial current of the inductor. When the switching loss of the converter is ignored, the active power ( sm P ) that is absorbed or delivered by the SMES can be expressed as:
P is only a function of ( α ), which depends on the voltage of the superconducting coil ( sm V ). It can be positive or negative. When sm V is positive, the power is absorbed by the SMES unit from the power system. Conversely, if it is negative, the power is released from the SMES unit to the power system [10] [11] . The energy stored in the superconducting inductor is:
where: 0 sm W is the initial energy in the inductor. Therefore, the SMES can store a large amount of energy depending on the current which flows through the superconducting coil and its conducting capacity.
III. OPERATION OF SMES SYSTEM

A. Chopper Operation
In a SMES system, there are three different modes of superconducting coil operation. In the first, the coil is in charging mode when the SMES absorbing energy from the power system. The second is a stand-by mode, also called a freewheeling mode, in which the dc current efficiently circulates in the superconducting coil in a closed loop. Due to the low resistive characteristic of the coil, the current can circulate for long periods of time while storing a large amount of energy with no loss. The third is the discharging mode when the SMES coil discharges the stored energy into the dc-link capacitor. The fast speed of charging and discharging the SMES coil is related to its rated current. 
B. Charging Mode
In charging mode, the coil is charged to its rated capacity and both GTO1 and GTO 2 (Gate Turn Off Thyristors) in the dc-dc chopper unit are in the ON state (the duty cycle of both GTOs is 1). The voltage relationship between the dc link capacitor and the SMES coil when the latter is charging is expressed by:
where: sm V is the voltage across the coil and dc V is the dc link capacitor voltage and D is the GTO1 duty cycle. To charge the SMES coil by a specific amount or at the maximum charging rate possible, the GTO1 duty cycle must be kept constant at 1. In the present simulation, charging the coil to its rated current capacity takes about 8 seconds. Fig. 4 shows the changes in the current through the SMES coil ( sm I ) and the SMES coil voltage ( sm V ), as captured in this simulation. The voltage across the dc link capacitor is 18 kilo volts. All the simulations were done using MATLAB. 
C. Freewheeling Mode
This mode is also called a stand-by mode. During this operation mode, the dc unidirectional current is continuously circulating in a closed loop through the SMES coil with no significant loss. Therefore, the current is remaining fairly constant. In the freewheeling mode, the GTO1 is ON, whereas, the GTO2 is OFF (their duty cycles are 1 and 0, respectively). The SMES, in the stand-by mode, is ready to discharge the energy stored in the superconducting coil into the power system.
D. Discharging Mode
In this operation mode, the current in the superconducting coil is discharged into the dc link capacitor. During this mode, both GTOs of the chopper are kept in the OFF state (the duty cycle of both GTOs is 0). The SMES coil-discharging rate can be controlled by making one of the GTOs' duty cycle non-zero. Fig. 5 shows the current through the SMES coil and the voltage a cross it in discharging mode ( sm I and sm V respectively). In this operation mode, the relationship between the dc link capacitor and the SMES voltages can be given as: 
IV. APPLICATIONS OF SMES FOR INCREASING POWER SYSTEM STABILITY
Power system stability is generally the ability of the system to maintain a stable equilibrium state under normal operating conditions and the capability to recover an acceptable balanced state when large disturbances occur. The transient stability of power systems is a strongly nonlinear and multi-dimensional problem. Recently, instability has become a major problem in power systems because of many environmental and technical issues as well as the growth in the number of sensitive electrical and electronic devices as loads in modern power systems [12] .
The continuous growth of power systems in their size and operational complexity leads them to be more affected by power instability impacts. In analyzing and controlling the power system's stability, system oscillations are classified into two types. The first is the fluctuation associated with generators at a generating station and the second is associated with swing stability in load side of a power system. Power systems often exhibit low frequency oscillations, caused by inadequate damping, that often last for long periods, and can limit power transfer capability.
One solution to instability issues, applied in modern power systems, is using a SMES as stabilizing device to enhance the reliability of power systems. Since 1969 when a SMES was first designed, it has been applied in power systems dealing with significant problems, such as transient voltage dips, the voltage and frequency oscillations caused by system transients, system disturbances or load changes. Moreover, changes and fluctuations in power and voltage in renewable source generators are major issues that can be solved by using a SMES enhance stability and quality of service. Researchers have reported various methods for using a SMES to enhance and improve dynamic stability as well as to increase system damping. A method of adapting active and reactive power of the SMES unit in a model of power transmission system, and the proof of the effectiveness of using SMES for controlling power system stability was described in [2] and [13] [14] . In addition, using the fuzzy logic control strategy which is another method for controlling the SMES connected to the power systems to decrease frequency oscillations and improve their transient stabilities is reported in [15] [16] [17] [18] [19] [20] . Moreover, SMES has been presented in a number of articles as stabilizer and protecting device for sensitive loads. Kalafala and others in [21] proposed a method of using the SMES system to offer continuous power conditioning to protect vital industrial and military loads from interruptions and voltage drops. The controller which was used in that study is a microprocessor unit. It contained the monitoring and control functions required to operate an interface magnet controller joined the SMES to power systems. Subsequently, in order to apply a SMES to protect distributed critical loads, Aware and Sutanto [22] proposed using hysteresis control. They used that strategy of control to regulate the discharge period of the SMES to extend the support time for critical loads during short-term disturbances.
V. THE PROPOSED SYSTEM FOR REGULATING THE DC-LINK VOLTAGE
The structure of the system design in this research is shown in Fig. 6 . It is based on using a SMES as an interface device connecting the utility network side to loads and a micro-grid on the other side. In this design, the SMES separates the micro-grid and loads side from the AC grid, providing significant improvements for specific power issues: controlling the power flow between micro-grid and main grid; inhibiting the transmission of harmonic components between the two grids; and acting as a back-up storage device to increase the stability of the loads and the micro-grid voltage. The connecting subsystem contains two voltage source converters, dc-dc chopper and superconducting coil. Both converters are identical in their structure and consist of six fully controlled IGBTs. The dc-dc chopper unit is used to control and to switch between the three operations modes of SMES system as illustrated in section 3.
The detailed operational specifications of SMES in the designed system are given in Table I . When the system starts, the SMES begins to absorb excess energy from the power system in the charging mode. During this mode, the current that flows through the superconducting coil is continuously increased until a specific amount of current or the maximum capacity of the coil is reached. Then, the chopper automatically changes to freewheeling operation mode in which the current circulating through the coil remains constant. The SMES is ready to deliver the stored energy in its coil into the power system whenever needed. In this case, the SMES will respond rapidly to provide this saved energy in the discharging mode of operation. In this designed system, an adaptive control method is used to control the power flow between the power system and the joined SMES unit by changing the operation modes of the dc-dc chopper. The controller makes the SMES absorb the excess energy from the power system or deliver its stored energy to the power system to keep the DC link voltage at a constant level. It was designed to give the priority of operation to the discharging mode.
VI. SIMULATION RESULTS
Three different disturbances of the power system were simulated: system disconnected from the utility network, voltage and frequency power supply fluctuations, and rapid changes in the loads. The voltage stability across the dc link and the overall performance of the power system are compared with and without the SMES system.
A. Simulations of the System Disconnected from the Utility
Network During the simulation, two disconnected disturbances occur at time t=1second and t=3second for periods of 200 and 500 milliseconds. The voltage across the dc link capacitor, the voltages cross the AC and DC loads, and the current through the SMES coil during the charging and discharging operation modes are shown Fig. 7 with and without using the SMES (a) and (b), respectively. It is clearly that the stability of the voltage cross the dc link capacitor and both AC and DC loads are improved with the SMES system.
B. Simulations of Power Supply Voltage and Frequency
Fluctuations In this simulation, two power supply fluctuations in voltage and frequency occur at time t =2second and t=4second and last for 200 and 500 millisecond, respectively. By comparing the simulation results between the two cases of the system with and without SMES, it is clearly shown, that the stability of dc link voltage is significantly improved when the SMES system is applied (Fig. 8 ). 
C. Simulations of the Rapid Changes of the Loads
In the third simulation, the load changes twice and the voltage stability across the dc link with and without using the SMES system is shown in Fig. 9 . The first change of the load size is at t=1second when the load was doubled, and the second, increased threefold at t=3second. Both these changes in the load lasted for 200 millisecond. 
VII. CONCLUSION
Comparing to other storage technologies, the SMES has significant advantages in being able to rapidly inject both active and reactive power into the power system. In addition, with a proper control strategy for power flow into and from the SMES, when connected to a power system, it can be used to reduce voltage and frequency fluctuations that happen after transient system. This research shows that SMES system can be a good stabilizer for power system oscillations. SMES with its ability to discharge a large amount of energy during short periods of time can control the rate of this power energy to stabilize the dc link voltage, which lead to increase the stability and enhance the overall performance of power systems. It can be concluded that the proposed system enhances the transient stability of electric power system easily and effectively.
